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Abstract 

Chronic inflammation has been shown to contribute to the development of a wide variety of disorders by means 
of a number of proposed mechanisms. Depression and cognitive impairment are two such disorders which may 
share a closely linked inflammatory etiology. The ability of inflammatory mediators to alter the activity of enzymes, 
from key metabolic pathways, may help explain the connection between these disorders. The chronic up-regulation 
of the kynurenine pathway results in an imbalance in critical neuroactive compounds involving the reduction of 
tryptophan and elevation of tryptophan metabolites. Such imbalances have established implications in both 
depression and cognitive impairment. This may implicate the immune system as a potential therapeutic target in 
the treatment of these disorders. The most common treatment modalities currently utilized, involve drug interventions 
which act on downstream targets. Such treatments help to reestablish protein balances, but fail to treat the inflammatory 
basis of the disorder. The use of anti-inflammatory interventions, such as regular exercise, may therefore, contribute to 
the effectiveness of current drug interventions in the treatment of both depression and cognitive impairment. 
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Background 

Chronic inflammation plays an increasingly appreciated 
role in the pathogenesis of a number of neurological and 
behavioral disorders including depression and cognitive 
impairment [1-3]. In addition, chronic inflammation con- 
tributes to the pathogenesis of a number of related meta- 
bolic disorders, and these disorders in turn have been 
shown to contribute to the elevated inflammatory state, 
creating a vicious cycle [4-8]. Consequently, as conditions 
such as obesity, cardiovascular disease, and diabetes be- 
come ever more prevalent, so too does the occurrence of 
chronic inflammation. Communicatory pathways between 
systems allow for immune dysfunction to contribute to 
both neural and endocrinal impairment via a number of 
inflammatory mechanisms. Proinflammatory mediators 
possess the ability to directly influence the nervous system 
by acting on vagal afferents [9], or by crossing the blood 
brain barrier (BBB) either through leaky sites at the 
circumventricular organs [10], or via specialized active 
transporters [11]. Proinflammatory cytokines have also 
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been shown to influence hormone secretion by acting 
directly on receptors within the hypothalamic-pituitary- 
adrenal (HPA) axis [12]. Alternatively, a number of cyto- 
kines have been shown to indirectly influence neural and 
endocrinal disorders by altering the regulation of en- 
zymes. This may result in a shift in key metabolic path- 
ways resulting in an imbalance in critical neuroactive 
compounds. 

Both depression and cognitive impairment may share 
a closely linked inflammatory etiology stemming from a 
cytokine-induced imbalance in the kynurenine pathway. 
As this pathway provides the primary route for tryptophan 
(TRP) degradation, it plays a major role not only in the 
maintenance of serotonin (5-HT) synthesis, but also in the 
critical balance between neurotoxic and neuroprotective 
metabolites. As such, a state of chronic inflammation, as 
is commonly reported in cases of depression and severe 
cognitive deficits, may contribute to the pathogenesis of 
each of these disorders [13-16]. 

Consequently, the kynurenine pathway has become a 
prospective target for treatment interventions. However, 
the majority of current intervention strategies for depres- 
sion and cognitive impairment utilize drugs which target 
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downstream enzymes, transporters, and receptors. Al- 
though such treatments are valuable, there may also be 
merit in implementing intervention strategies which tar- 
get the inflammatory basis of such disorders. Alternative 
strategies with proven anti-inflammatory benefits, such 
as regular exercise, may provide a simple and effective 
long-term strategy in the treatment and prevention of 
associated disorders by influencing enzyme function 
and aiding in the reestablishment of critical protein 
balances. 

The kynurenine pathway 

The kynurenine (KYN) pathway involves a cascade of 
enzymatic steps responsible for the degradation of tryp- 
tophan (TRP) into a number of metabolites, known as 
kynurenines. This pathway is responsible for approxi- 
mately 95% of whole body TRP metabolism, and is of 
critical importance concerning the maintenance of 
several key amino acids with neuromodulatory roles 
[17,18]. As TRP is the precursor for 5-HT synthesis within 
the brain, the maintenance of sufficient levels has im- 
portant implications concerning depression. Additionally, 
several TRP metabolites such quinolinic acid (QUIN) and 
kynurenic acid (KYNA) have roles in symptoms of both 
depression and cognitive impairment, further stressing 
the importance of a strictly controlled rate of TRP 
metabolism. 

The degradation of TRP is controlled by two rate- 
limiting enzymes, known as indoleamine 2,3-dioxygenase 
(IDO), and tryptophan 2,3-dioxygenase (TDO) [19,20]. 
Together, under the regulation of cytokines, steroids, and 
growth factors, these enzymes control the conversion of 
TRP into the first metabolite of the kynurenine pathway; 
kynurenine (KYN). This metabolite is then further metab- 
olized along one of two distinct branches of this enzymatic 
cascade including the kynurenine-kynurenic acid (KYN- 
KYNA) branch and the kynurenine-nicotinamide adenine 
dinucleotide (KYN-NAD) branch [19]. Within the former 
branch, KYN is further converted to the metabolite 
kynurenic acid (KYNA) via the enzyme kynurenine 
aminotransferase (KAT). The latter branch utilizes the 
enzyme kynurenine 3-monooxygenase (KMO) to convert 
KYN to the metabolite 3-hydroxykynurenine (3-HK) 
and further in the cascade, quinolinic acid (QUIN) 
(see Figure 1). 

The kynurenine pathway has both a peripheral and 
central component, and as they are not completely au- 
tonomous, the central component is heavily influenced 
by that of the peripheral. The rate-limiting enzyme TDO 
has been shown to be highly expressed within various 
regions of the brain including the hippocampus and cere- 
bellum [20]. Both IDO and TDO have, however, been 
shown to be expressed at substantially lower levels within 
the brain than in the periphery making the concentration 
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Figure 1 Simplified depiction of tryptophan breakdown in the 
kynurenine pathway. Tryptophan (TRP) that is not transported 
across the blood brain barrier (BBB) for the synthesis of serotonin 
(5-HT) is degraded into kynurenine (KYN) by the enzymes indoleamine 
2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO). After this 
point, KYN is further degraded along one of two distinct branches; 
either the kynurenine-nicotinamide adenine dinucleotide (KYN-NAD) 
branch, or the kyneine-kynurenic acid (KYN-KYNA) branch. Within 
the KYN-NAD branch, KYN is acted on by the enzyme kynurenine 
3-monooxygenase (KMO) whereby it is converted to 3-hydroxykynure- 
nine (3-HK) and later quinolinic acid (QUIN) via a spontaneous reaaion 
(and ultimately NAD+). Within the KYN-KYNA branch, KYN is acted on by 
the enzyme kynurenine aminotransferase (KAT) whereby it is converted 

to kynurenic acid (KYNA). 
/ 

of kynurenines within the brain largely influenced by 
those transported across the BBB from the periphery [21]. 
Tryptophan, as well as the peripheral kynurenines, KYN 
and 3-HK are readily transported across the BBB via spe- 
cialized transporters. Once in the brain, these TRP metab- 
olites may become further degraded to produce the 
kynurenines KYNA and QUIN, which do not easily cross 
the BBB from the periphery (making within brain levels 
largely dependent on the synthesis from these kynurenine 
precursors) [22]. KYNA and QUIN are synthesized along 
distinct pathways within the brain due to their reliance on 
their respective KAT and KMO enzymes. Astrocytes pos- 
sess KAT while lacking KMO thereby allowing them to 
participate only in the conversion of KYN to KYNA. Al- 
ternatively, microglia possess the enzyme KMO, allowing 
them to convert KYN to 3-HK which is later converted to 
QUIN via a spontaneous reaction further downstream 
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(see Figure 2) [23]. An appropriate balance between these 
two branches of the kynurenine pathway is therefore crit- 
ical in the maintenance of appropriate QUIN and KYNA 
levels within the brain. 

Under healthy conditions, the peripheral component 
of the kynurenine pathway is well regulated, resulting in 
a healthy balance between peripheral concentrations 
of TRP and its kynurenine metabolites. As such, ap- 
propriate levels of TRP and its BBB transportable metabo- 
lites, KYN and 3-HK, are available for transportation into 
the brain. This allows for the synthesis of adequate 
levels of the neurotransmitter 5-HT, and the neuroac- 
tive kynurenines KYNA, 3-HK, and QUIN, within the 
brain. 

The kynurenine pathway and chronic inflammation 

During a typical immune challenge, the body responds 
with an acute elevation in peripheral proinflammatory 
cytokines. Certain cytokines, such as IFN-y, up-regulate 
IDO activity thereby causing an elevation in TRP deg- 
radation and an increased production of kynurenines 
[24,25]. As various parasites, viruses, and bacteria rely 
on TRP to grow and spread throughout the body, this 
acute response is a crucial adaptive mechanism meant to 
reduce TRP availability and thereby limit the spread of 
the pathogen [24]. During a healthy immune response, 
the elevation of proinflammatory cytokines is followed 



by an elevation in anti-inflammatory cytokines, acting to 
restore a balance in inflammatory mediators. 

However, under a state of chronic inflammation, pro- 
inflammatory cytokines are maintained at a perpetually 
elevated state. This results in the chronic up-regulation 
of IDO leading to a potential lasting shift in the kynure- 
nine pathway. This shift may lead to dramatic reductions 
in peripheral TRP availability as well as a surplus of 
peripheral kynurenines [2]. Elevated concentrations of 
kynurenines such as KYN, 3-HK, and QUIN have 
been shown to suppress T-cell proliferation and inhibit 
the production of THl cytokines [26,27]. Such an effect 
may partly explain the impact that TRP metabolism has 
on immunity under pathological conditions. A reduction 
in peripheral TRP concentrations may also result in a TRP 
deficit within the brain, thereby leading to reduced levels 
of 5-HT synthesis. In addition, TRP metabolites within the 
brain may become elevated via several mechanisms. First, 
the surplus of peripheral kynurenines may result in 
elevated levels of KYN and 3-HK within the brain due to 
their ability to cross the BBB. Second, during an inflam- 
matory response, macrophages, which house key enzymes, 
have the ability to infiltrate the brain and thereby partici- 
pate in the production of kynurenines. Lastly, as cytokines 
are able to cross the BBB they are able to up-regulate 
corresponding enzymes within astrocytes, microglia and 
invading macrophages resulting in an even further up- 
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Figure 2 Peripheral and central l<ynurenine pathway interaction. As indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase 
(TDO) are found at only very low concentrations within the brain, concentrations of within-brain tryptophan (TRP) and kynurenines are largely 
dependent on those from the periphery. TRP from the periphery competes with other large neutral amino acids (LNAA) for passage across the 
blood brain barrier (BBB) to be used in the synthesis of serotonin (S-HT). Kynurenine (KYN) and 3-hydroxykynurenine (3-HK) are also capable of 
crossing the BBB whereby they participate in the production of kynurenic acid (KYNA) and quinolinic acid (QUIN) which do not easily cross it. 
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regulated production of kynurenines [28] . Together, these 
inflammatory-based mechanisms may result in a 5-HT 
deficit and surplus of kynurenines within the brain, which 
have important implications in symptoms of both depres- 
sion and cognitive impairment (see Figure 3). 

Depression 

An elevated inflammatory status may influence depres- 
sive symptoms via several potential mechanisms related 
to neuroactive compounds of the kynurenine pathway. 
First, proinflammatory cytokines such as IFN-y, IFN-a, 
IL-ip and TNF-a have each been shown to directly up- 
regulate serotonin transporter (SERT) proteins within 
the brain, leading an increased reuptake of 5-HT and a 
corresponding reduction in extracellular concentrations 
[29,30]. Second, proinflammatory mediators may influ- 
ence depressive symptoms by means of several indirect 
mechanisms associated with alterations in the activity of 
enzymes of the kynurenine pathway (see Figure 4). 

The up-regulation of IDO and TDO and the resulting 
increased rate of TRP degradation may result in a TRP 
deficit within the periphery. This may lead to an insuf- 
ficient level of TRP transportation across the BBB and 
ultimately contribute to a 5-HT deficit within the brain. 
The importance of maintaining appropriate peripheral 
levels of TRP have been evidenced by a number of stud- 
ies in which reductions of 5-HT synthesis and relapses 
in depressive symptoms have been demonstrated follow- 
ing the transient reduction of TRP levels by means of 



dietary restriction [31-35]. In order to be utilized in the 
synthesis of 5-HT, peripheral tryptophan must compete 
with other large neutral amino acids (LNAA) to cross 
the blood brain barrier via a common transport mechan- 
ism. As an over- activation of IDO and TDO induces a 
selective decline in peripheral tryptophan levels, a reduc- 
tion in the peripheral TRP/LNAA ratio results, thereby 
reducing TRP availability for the synthesis of 5-HT 
[19]. Therefore, under conditions of chronically elevated 
levels of proinflammatory cytokines the resulting al- 
terations in enzyme activity and peripheral tryptophan 
levels may contribute to a 5-HT deficit within the brain 
(see Figure 4). 

The up-regulation of IDO and TDO also results in an 
elevated peripheral concentration of 3-HK and QUIN. 
Peripheral 3-HK is able to cross the BBB and induce 
oxidative damage via the production of reactive oxygen 
species (ROS) following an interaction with the enzyme 
xanthine oxidase [36]. Additionally, 3-HK may be further 
metabolized within microglia along the KYN-NAD branch 
of the kynurenine pathway to produce QUIN within the 
brain. QUIN is a potent agonist of a glutamatergic recep- 
tor known as the N-methyl-D-aspartate (NMDA) recep- 
tor. These receptors are heavily concentrated on the 
hippocampus and play an important role in synaptic plas- 
ticity. When at elevated concentrations, QUIN is capable 
of inducing excitotoxicity by causing an over-activation of 
NMDA receptors leading to an increased influx of calcium 
ions and corresponding neuronal damage [37]. This can 
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Figure 3 Influence of chronic inflammation on the kynurenine pathway. Certain proinflammatory cytokines possess the ability to up-regulate 
enzymes of the kynurenine pathway, thereby increasing the rate of tryptophan (TRP) degradation and production of kynurenines in the periphery. This 
may result in reduced concentrations of peripheral TRP and elevated peripheral levels of kynurenines. The reduced levels of peripheral TRP may then 
result in insufficient levels within the brain and a corresponding serotonin (5-HT) deficit. Proinflammatory cytokines also up-regulate enzymes in the 
brain, housed within astrocytes, microglia, and infiltrating macrophages, which utilize the elevated kynurenine concentrations for the production of 
further metabolites such as quinolinic acid (QUIN) and kynurenic acid (KYNA). 



Allison and D\tor Journal of Neuroinflammation 2014, 11:151 
http://www.jneuroinflammation.eom/content/1 1/1/151 



Page 5 of 1 2 




Periphery 



Brain 



Figure 4 Inflammatory mechanisms of depression. Proinflammatory cytokines may contribute to depressive symptoms by means of various 
mechanisms. (1) Proinflammatory cytokines act on serotonin transporter (SERT) proteins within the brain causing a re-uptake of serotonin (5-HT) 
and corresponding reduced extracellular concentrations. (2) Proinflammatory cytokines up-regulate enzymes such as indoleamine 2,3-dioxygenase 
(IDO) and tryptophan 2,3-dioxygenase (JDO) resulting in reduced tryptophan (TRP) availability, ultimately contributing to reduced 5-HT synthesis. 
(3) Both 3-hydroxykynurenine {3-HK) and quinolinic acid (QUIN) may contribute to elevated levels of reactive oxygen species (ROS) and oxidative 
stress within the brain. (4) QUIN may induce N-methyl-D-aspartate (NMDA) over-activity thereby contributing to hippocampal atrophy and a loss 
of glucocorticoid receptors, ultimately leading to a loss of negative feedback and hypothalamic-pituitary-adrenal (HPA) axis over-activity. 



also lead to the production of additional free radicals and 
further contribute to the oxidative stress brought on 
by 3-HK (see Figure 4). In this way, both 3-HK and 
QUIN may contribute to neurodegeneration associated 
with depression. 

The ability of elevated QUIN concentrations to cause 
an over-activation of NMDA receptors may also con- 
tribute to the hippocampal atrophy and HPA axis over- 
activity commonly reported in individuals with major 
depression [38-42]. The hippocampus plays an inte- 
gral role in the attenuation of the HPA axis via a 
glucocorticoid-induced negative feedback loop. When 
glucocorticoids, such as Cortisol, are released by the 
adrenal glands they act on corresponding receptors of 
the hippocampus, resulting in an inhibitory cascade 
within the HPA axis. Specifically, the activation of glu- 
cocorticoid receptors in the hippocampus results in a 
blunted release of corticotropin releasing hormone (CRH) 
from the hypothalamus, which inhibits the release of ad- 
renocorticotropic hormone (ACTH) from the pituitary, 
ultimately reducing glucocorticoid release from the 
adrenal gland. However, overstimulation of NMDA recep- 
tors may result in hippocampal atrophy and a correspond- 
ing loss of glucocorticoid receptors. This may result in the 
loss of negative feedback and HPA axis over-activity (see 
Figure 4). An elevation in QUIN levels within the brain, as 
well as elevations in systemic Cortisol levels, may therefore 
contribute to these aspects of depression. Elevated levels 
of both QUIN and Cortisol have been demonstrated in 
individuals with depression [43,44]. 



In addition to these proposed mechanisms, several 
pre-clinical and clinical lines of evidence support the 
relationship between proinflammatory cytokines and de- 
pression. Individuals diagnosed with major depression 
have been consistently reported to demonstrate elevated 
levels of proinflammatory cytokines [13-15]. Evidence 
that such elevations contribute to depression via an IDO- 
related mechanism has also been demonstrated following 
cytokine therapy, utilized during human cancer trials. The 
acute administration of the pro-inflammatory cytokines, 
IL-2 and IFN-a, was shown to induce an increase in IDO 
activity and a corresponding reduction in both the periph- 
eral TRP/LNAA ratio and absolute TRP concentrations 
[45]. Such changes in enzyme regulation and protein bal- 
ances have been shown to result in the development of 
major depressive disorders in 15 to 40% of patients under- 
going cytokine therapy with IFN-a [46] . As such, a state of 
chronic inflammation associated with an elevation in in- 
flammatory mediators may contribute to symptoms of 
depression by means of various mechanisms associated 
with imbalances in the kynurenine pathway. 

Cognitive impairment 

Cognitive impairment has been commonly demonstrated 
in depressed individuals and the severity of deficits has 
been shown to correlate with the number of depressive 
episodes experienced [47]. The relationship between 
depression and cognitive impairment is not fully under- 
stood; however, they may share a closely linked inflam- 
matory etiology. The influence of chronic inflammation 
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on hippocampal volume and HPA axis dysregulation 
may play an important role in the severity of each of 
these disorders. Hippocampal volume loss in the form of 
reduced grey matter density has been demonstrated in 
depressed individuals and has been shown to correlate 
with reduced scores in verbal recognition memory [48]. 
As previously discussed, there is evidence to support a 
role for chronic inflammation in the reduction in hippo- 
campal volume involving heightened levels of metabolites 
and steroid hormones such QUIN and glucocorticoids. 
The potential apoptosis and/or inhibition of neurogenesis 
caused by over-activation of the hippocampus would be 
expected to result in cognitive deficits, due to the integral 
role the hippocampus plays in learning and memory. It 
may also lead to a vicious cycle whereby the loss of 
hippocampal-mediated inhibition of the HPA axis results 
in excess glucocorticoid production, ultimately further 
contributing to the extent of hippocampal atrophy (see 
Figure 5). 

In addition to the potential structural damage, the shift 
in the kynurenine pathway brought on by chronic infla- 
mmation, may also contribute to cognitive deficits via 
reductions in neurotransmitter release. Elevated concen- 
trations of KYN within the brain result in its metabolism 
along one of the two distinct branches of the kynurenine 
pathway. The KYN-NAD branch results in the produc- 
tion of 3-HK and QUIN, which has implications in the 
production of ROS and excitotoxicity (as previously 



discussed). However, the primary enzyme of the KYN- 
NAD branch, KMO, has been shown to be far less active 
in the brain in comparison to the periphery and, as such, 
becomes rapidly saturated by elevated levels of KYN [49]. 
This may result in a shift in the kynurenine pathway 
towards the KYN-KYNA branch and an increased pro- 
duction of KYNA by the more active KAT enzyme (see 
Figure 5). 

KYNA acts as an antagonist of the alpha-7-nicotinic 
acetylcholine receptor (a7rLAChR) and to a lesser extent, 
the glycine co-agonist site of the NMDA receptor [50]. 
Each of these receptors can be found in the hippocam- 
pus and are known to play important roles in synaptic 
plasticity, associated with learning and memory [51]. 
The inhibition of a7nACh receptors by KYNA has been 
shown to result in the reduced release of neurotransmit- 
ters such as glutamate, acetylcholine, and dopamine; 
each of which plays critical roles in cognitive processes 
(see Figure 5) [52-54]. Additionally, the reduction of KYNA 
has been demonstrated to enhance extracellular glutamate 
and corresponding cognitive behavior [51]. 

This relationship has been demonstrated using animal 
models whereby elevations of KYNA within the brain 
have been shown to induce cognitive deficits in context- 
ual learning and memory. Whether induced indirectly, 
via intraperitoneal administration of kynurenine, or via 
direct intracerebroventricular KYNA infusion, correspon- 
ding elevations in KYNA levels within the brain have been 
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Figure 5 Inflammatory mechanism of cognitive impairment. Hippocampal atrophy caused by the over-activation of respective receptors for 
glucocorticoids and quinolinic acid (QUIN) may contribute to cognitive impairment. Additionally, elevated concentrations of kynurenine (KYN) that 
is preferentially metabolized along the kynurenine-kynurenic acid (KYN-KYNA) branch of the kynurenine pathway results in elevations of kynurenic 
acid (KYNA). As KYNA acts as an antagonist for both the alpha-7-nicotinic acetylcholine (a7nACh) and N-methyl-D-aspartate (NMDA) receptors it 
may contribute to cognitive deficits by reducing neurotransmitters such as glutamate, acetylcholine, and dopamine. 
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shown to induce spatial working memory deficits and 
reduced orienting behavior in mice [55,56]. Similar results 
have been demonstrated in healthy humans whereby 
administration of the non-competitive NMDA glutamate 
receptor antagonist, ketamine, has been shown to result in 
reductions in verbal declarative memory [57]. Alterna- 
tively, animal models displaying low levels of KYNA have 
demonstrated superior cognitive performance. This has 
been shown using kynurenine aminotransferase II (KAT 
II) knockout mice, which lack the major enzyme for brain 
KYNA formation. These mice exhibited a 66% reduction 
in extracellular KYNA accompanied by a significantly 
increased performance in object exploration and recogni- 
tion, passive avoidance, and spatial discrimination [51]. 

A shift in the kynurenine pathway, as well as corre- 
sponding elevated levels of inflammatory mediators, 
have also been demonstrated in humans afflicted with 
conditions associated with severe cognitive deficits. Indi- 
viduals with Alzheimer's disease have been shown to ex- 
hibit reduced peripheral tryptophan concentrations, along 
with heightened levels of the tryptophan metabolite, QUIN 
[58]. Additionally, severe elevations, of up to 25-fold, of the 
proinflammatory cytokine TNF-a have been demonstrated 
[59]. As TNF-a is a proinflammatory cytokine and potent 
IDO activator, it may suggest an inflammatory contribution 
to the molecular imbalances observed in this population. 
Further to these observations, the administration of the 
TNF-a antagonist, etanercept, has been shown to result in 
improved cognitive scores over a six-month adminis- 
tration period as well as acutely following a single dose 
[59,60]. Such improvements provide further evidence of a 
role for inflammatory mediators in cognitive processes via 
alterations in enzyme regulation and corresponding imbal- 
ances of critical neuroactive compounds. 

Treatment 

Current treatment strategies 

The majority of current treatment strategies aimed at 
improving symptoms of depression utilize drug treat- 
ments which target downstream enzymes, transporters, 
or receptors. Of these, selective serotonin reuptake in- 
hibitors (SSRIs) have become the most commonly used 
due to their ability to induce a relatively strong and im- 
mediate alleviation of symptoms. Drug treatments of the 
SSRI class target serotonin transporters (SERT), and 
inhibit them from carrying out their role concerning 
5-HT reuptake, thereby increasing extracellular levels. 
Use of SSRIs is however, associated with a number of 
side-effects and only provides transient relief of symp- 
toms. They have also been shown to be ineffective in 
approximately 30% of patients [61], in whom a particularly 
elevated inflammatory state is typically reported [62,63]. 
Additionally, of individuals who do respond to treatment, 
an estimated 20 to 80% will relapse and experience a 



depressive episode within 1 to 5 years following initial 
treatment [64]. It may be possible that under extreme or 
reoccurring inflammatory episodes, the shift in the kynur- 
enine pathway and resulting imbalance in neuroactive 
kynurenines, hippocampal damage and HPA axis dysfunc- 
tion, may cause alterations too severe for SSRI treatment 
to remedy. This could partially explain the ineffectiveness 
of drug treatments such as SSRIs in individuals with a 
highly elevated inflammatory state and may suggest a need 
for the addition of anti-inflammatory interventions in the 
treatment of depression. 

More recent attempts to treat cognitive impairment 
have focused on counteracting and/or limiting the antag- 
onizing effects of KYNA. Agonists of the a7nACh and 
NMDA receptors such as galantamine have been utilized 
in an attempt to counteract the antagonizing role of 
KYNA. Such attempts have, however, produced incon- 
clusive and only partially positive results [65-69]. It may 
be possible that elevated concentrations of KYNA lead 
to receptor saturation, thereby making it difficult to 
achieve any benefit from such receptor agonists. In an 
alternative approach, early studies examining the use of 
selective inhibitors for the primary enzyme involved in 
KYNA production, KAT II, have shown positive results 
in animal models. The administration of KAT II inhibi- 
tors resulted in reductions in extracellular KYNA along 
with elevations in glutamate, dopamine, and acetyl- 
choline [54]. Further studies are required to examine the 
effectiveness of such treatments in humans as well as an 
appropriate dosage. As a7nACh and NMDA receptor 
activity has important implications in both depression 
and cognitive impairment, maintaining the delicate bal- 
ance between receptor agonists and antagonists is critic- 
ally important. As such, if either receptor agonists or 
KAT II inhibitors were to be used in the long-term treat- 
ment of cognitive impairment, the dose would need to 
be strictly controlled in order to avoid NMDA over- 
activity and the possibility of hippocampal atrophy and 
HPA axis dysregulation over time. A safer alternative 
may be to naturally induce molecular alterations over 
time via anti-inflammatory intervention strategies. 

Although the value of current drug treatments should 
not be discounted, alternative therapies which target the 
inflammatory basis of such disorders should also be con- 
sidered. Utilizing intervention strategies which target 
upstream proinflammatory mediators may help to restore 
proper enzyme regulation and induce corresponding be- 
neficial alterations in neuroactive compounds, thereby 
positively influencing a variety of disorders. Simple life- 
style alterations including the adoption of a diet consisting 
of foods and supplements with proven anti-inflammatory 
properties and participation in regular exercise may pro- 
vide a safer, sustainable, and more universally applicable 
treatment option to that of traditional drug treatments. 
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Although such intervention strategies do not provide the 
immediate effects of drug therapies, they may contribute 
to a more permanent solution while helping to reduce the 
many side-effects associated with a heavy reliance on drug 
interventions (Figure 6). 

Exercise as an anti-inflammatory intervention 

Regular moderate exercise has been consistently shown to 
reduce chronic low-grade inflammation and protect 
against a number of associated diseases [70,71]. Numerous 
cross-sectional studies have demonstrated reductions in 
inflammatory mediators within trained versus untrained 
individuals [72-75]. Although the anti-inflammatory nature 
of regular exercise has been well established, the mecha- 
nisms by which this is accomplished are not fully under- 
stood and are likely the result of numerous exercise-related 
factors. 

One such theory involves a unique exercise-induced 
inflammatory response which differs from that of the 
typical response evoked by infection. Whereas infection 
results in the initial elevation in proinflammatory cyto- 
kines, such as TNF-a and IL-1|3, it has been suggested 
that during an exercise-induced inflammatory response, 
the elevation in proinflammatory cytokines is bypassed. 
Instead, the initial response is a large elevation in IL-6, a 
cytokine with both pro and anti-inflammatory properties. 
This spike in IL-6 is followed by an elevation in anti- 
inflammatory cytokines, such as IL-10 and IL-1 receptor 
antagonist (IL-IRA) [70,71]. It has been suggested that 
IL-6 promotes an anti-inflammatory environment during 
exercise by promoting IL-10 and IL-lRA while inhibiting 
TNF-a production. This IL-6-induced inhibition of TNF- 
a has been demonstrated in vitro [76] as well as in vivo in 
animal models [77], and in humans [78]. Exercise may also 



inhibit proinflammatory mediators through IL-6-indepen- 
dent pathways via exercise-induced elevations in hor- 
mones such as epinephrine. This has been suggested due 
to the demonstration of TNF-a inhibition during exercise 
in IL-6 knockout mice [79], as well as the suppression 
of TNF-a following epinephrine infusion in vivo [80]. 
Whether hormonally driven, or due to a unique influ- 
ence from IL-6, if acute bouts of exercise promote an 
anti-inflammatory environment, it may explain how ex- 
ercise, when performed on a regular basis, may act to 
protect against a chronic low-grade inflammatory state. 

Of note, many studies have demonstrated that acute 
bouts of exercise do in fact result in a proinflammatory 
response characterized by leukocytosis and elevations in 
proinflammatory mediators [81-83]. An acutely elevated 
rate of TRP metabolism and resulting increase in serum 
kynurenine concentrations have also been demonstrated 
and have been suggested to relate to a cytokine-induced 
up-regulation of IDO [84,85]. Further, exercise is known 
to result in an acute elevation in glucocorticoids [86] 
which have been suggested to induce the up-regulation 
of TD02, further contributing to the elevated rate of 
TRP metabolism during exercise [87]. Despite the pro- 
posed short-term proinflammatory response, long-term 
metabolic and cardiovascular training adaptations are 
associated with a chronic reduction in inflammatory me- 
diators which likely override the acute proinflammatory 
effects of exercise, resulting in a chronic shift towards an 
anti-inflammatory state. For example, adipose tissue is 
known to act as an endocrine organ, responsible for the 
release of a variety of proinflammatory mediators termed 
adipokines. As such, a reduction in adipose tissue, as 
would be expected over the span of a chronic training pro- 
gram, may result in a reduction in such proinflammatory 
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mediators [88]. Corresponding improvements in vascular 
health may also protect against the plaque formation seen 
in atherosclerosis leading to reductions in vascular inflam- 
mation [71]. In addition, a number of other exercise- 
related factors including age, smoking status, hyperten- 
sion, and cholesterol levels may contribute to exercise- 
related inflammatory benefits as each have been shown to 
be inversely correlated with C-reactive protein (CRP) 
concentrations [72]. 

Inconsistencies in the literature regarding the inflam- 
matory response to an acute bout of exercise may be 
due to a lack of consistent exercise protocols. Differ- 
ences in the mode, duration, and intensity of exercise 
bouts may lead to inconsistent levels of exercise-induced 
muscle damage, and metabolic demands resulting in 
variable levels of inflammatory mediators. It will be im- 
portant to determine the most ideal exercise parameters 
to achieve the greatest inflammatory benefit if there are 
hopes of utilizing exercise as an effective treatment for 
inflammatory-based disorders. This gap in the literature 
may also help explain inconsistencies regarding the de- 
gree to which exercise reduces symptoms of depression 
and cognitive impairment. Although there is a general 
consensus that exercise positively impacts mood and 
cognition, some studies show improvements equivalent 
to that of traditional medications [89,90], while others 
show that exercise is only mildly more effective than 
control conditions [91]. Additionally, the mechanisms by 
which such benefits may be accomplished are widely de- 
bated, ranging from increased cerebral blood flow, to 
changes in neurotransmitter release, to actual structural 
changes in regions of the central nervous system (CNS), 
such as the hippocampus [92]. Interestingly, each of 
these proposed adaptations can be influenced by the 
inflammatory response through mechanisms previously 
discussed. There is a need for more methodologically ro- 
bust, prospective trials with consistent exercise protocols 
in order to examine the true potential of exercise as a 
treatment strategy. Nevertheless, the anti-inflammatory 
properties of regular exercise have been well established, 
and in theory, it should help to improve or prevent 
symptoms related to depression and cognitive impair- 
ment by targeting upstream inflammatory processes. As 
such, despite the insufficient evidence to definitively 
state the degree to which exercise interventions may 
impact these disorders, it would seem there is certainly 
merit to implement them along with traditional drug 
treatments. 

Conclusion 

As an inflammatory basis is becoming evident for a 
growing number of disorders, therapies which target the 
immune system and act to restore a balance in inflam- 
matory mediators should be considered as potential 



methods of treatment and prevention. Although the 
effectiveness of current drug treatments should not be 
undervalued, pairing them with intervention strategies 
that target upstream inflammatory processes may enhance 
the outcome of drug treatments for disorders impacted by 
chronic inflammation. It is difficult to make definitive 
conclusions regarding the degree to which exercise, as an 
anti-inflammatory strategy, influences conditions such as 
depression and cognitive impairment, as previous infer- 
ences are largely based on observational studies with 
highly variable protocols. However, the inflammatory 
etiology behind such disorders and the anti-inflammatory 
mechanisms of exercise have been well established and, 
therefore, should in theory provide some benefit. Add- 
itionally, given the minimal side-effects associated with 
such lifestyle alterations, as well as the potential for a 
variety of other health benefits, there is seemingly litde 
reason not to promote exercise as a treatment option. 
Whether exercise has the potential to be effective as a 
stand-alone treatment, or would need to be utilized in 
conjunction with common drug treatments, is currently 
unclear and will likely vary between patients depending 
upon a number of factors. Further research will also be 
needed to determine the most appropriate exercise 
parameters in order to achieve the greatest anti-inflamma- 
tory benefit. A greater emphasis on intervention strategies 
which target inflammation may provide stronger and 
more sustainable improvements by targeting the inflam- 
matory mediators initially responsible for the alterations 
in enzyme regulation which ultimately contribute to a 
number of disorders. Such strategies may help to reduce 
symptoms of disorders such as depression and cogni- 
tive impairment while avoiding the many side-effects 
associated with a heavy reliance on current drug 
treatments. 

Abbreviations 

3-HK: 3-hydroxykynurenine; 5-HT: serotonin; a/nAChR: alpha-7-nicotinic 
acetylcholine receptor; ACIi: acetylcholine; ACTH: adrenocorticotropic 
hormone; BBB: blood brain barrier; CORT: Cortisol; CRH: corticotropin 
releasing hormone; CRP: C reactive protein; DA: dopamine; Glu: glutamate; 
HPA axis: hypothalamic-pituitary-adrenal axis; IDO: indoleamine 2,3- 
dioxygenase; IFN: interferon; IL: interleukin; IL-IRA: interleukin-1 receptor 
antagonist; KAT: kynurenine aminotransferase; KAT II: kynurenine 
aminotransferase II; KMO: kynurenine 3-monooxygenase; KYN: kynurenine; 
KYNA: kynurenic acid; KYN-KYNA: kynurenine-kynurenic acid; KYN- 
NAD: kynurenine-nicotinamide adenine dinucleotide; LNAA: large neutra 
amino acid; NMDA: N-methyl-D-aspartate; QUIN: quinolinic acid; 
ROS: reactive oxygen species; 5ERT: serotonin transporter; SSRIs: selective 
serotonin reuptake inhibitors; TDO: tryptophan 2,3-dioxygenase; TNF: tumor 
necrosis factor; TRP: tryptophan. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

DJA researched the literature and drafted the manuscript DSD critically 
reviewed and edited the work Both authors read and approved the final 
manuscript. 



Allison and D\tor Journal of Neuroinflammation 2014, 11:151 
http://www.jneuroinflammation.eom/content/1 1/1/151 



Page 1 0 of 1 2 



Acknowledgements 

The authors of this review are supported by the Ontario Neurotraurria 
Foundation. 

Received: 2 July 2014 Accepted: 13 August 2014 
Published: 2 September 2014 



References 

1. Felger JC, Lotrich FE: Inflammatory cytokines in depression: 
neurobiological mechanisms and therapeutic implications. 
Neuroscience 2013, 246:199-229. 

2. Schiepers OJG, Wichers IVIC, Maes M: Cytokines and major depression. 
Prog Neuropsychopharmacol Biol Psychiatry 2005, 29:201-217. 

3. McAfoose J, Baune BT: Evidence for a cytokine model of cognitive 
function. Neurosci Biobeiiav Rev 2009, 33:355-366. 

4. Gregor MF, Hotamisligil GS: Inflammatory mechanisms in obesity, 
/tnnu Rev intmunol 201 1, 29:415-445. 

5. Van Gaal LF Mertens IL, De Block CF: Mechanisms linking obesity with 
cardiovascular disease. Nature 2006, 444:875-880. 

6. Festa A, DAgostino R, Howard G, Mykkanen L, Tracy RP, Haffner SM: 
Chronic subclinical inflammation as part of the insulin resistance 
syndrome: the Insulin Resistance Atherosclerosis Study (IRAS). 
Circuiation 2000, 102:42-47. 

7. Temelkova-Kurktschiev T, Henkel F, Koehler C, Karrei K, Hanefeld M: 
Subclinical inflammation in newly detected type II diabetes and 
impaired glucose tolerance. Diabetoiogia 2002, 45:151. 

8. Hansson GK: Immune mechanisms in atherosclerosis. Arteriosder Ttiromb 
l/asc 8/0/2001,21:1876-1890 

9. Maier SF, Goeler IE, Fleshner M, Watkins LR: The role of the vagus nerve in 
cytokine-to-brain communication. Ann N Y Acad Sci 1998, 840:289-300. 

10. Watkins LR, Maier SF Goehler IE: Cytokine-to-brain communication: a 
review & analysis of alternative mechanisms. Life Sci 1995, 57:101 1-1026. 

11. Banks WA, Ortiz L, Plotkin SR, Kastin AJ: Human interleukin (IL) 1 alpha, 
murine IL-1 alpha and murine IL-1 beta are transported from blood to 
brain in the mouse by a shared saturable mechanism. J Piiarmacol Exp 
Ther 1991, 259:988-996. 

12. Chesnokova V, Melmed S, Angeles CL, Angeles L: Minireview: neuro-immuno- 
endocrine modulation of the hypothalamic-pituitary-adrenal (HPA) axis by 
gp130 signaling. Moiecules 2014 143:1571-1574 

13. Maes M, Lambrechts J, Bosmans F, Jacobs J, Suy E, Vandervorst C, 

de Jonckheere C, Minner B, Raus J: Evidence for a systemic immune 
activation during depression: results of leukocyte enumeration by flow 
cytometry in conjunction with monoclonal antibody staining. 
Psycliol Med 1992 22:45-53. 

14. Maes M: Major depression and activation of the inflammatory response 
system. Adv Exp Med Bioi 1999, 461:25-46. 

15. Sluzewska A: Indicators of immune activation in depressed patients. 
Adv Exp Med Bioi 1999, 461:59-73. 

16. Tobinick E: Tumour necrosis factor modulation for treatment of 
Alzheimer's disease rationale and current evidence. CNS Drugs 2009, 
23:713-725. 

17. Oxenkrug GF: Genetic and hormonal regulation of tryptophan 
kynurenine metabolism: implications for vascular cognitive impairment, 
major depressive disorder, and aging. Ann N Y Acad Sci 2007, 1 122:35-49. 

18. Gal EM, Sherman AD: L-kynurenine: its synthesis and possible regulatory 
function in brain. Neurochem Res 1980, 5:223-239. 

19. Oxenkrug GF: Tryptophan kynurenine metabolism as a common 
mediator of genetic and environmental impacts in major depressive 
disorder: the serotonin hypothesis revisited 40 years later, isr J Psychiatry 
Relat Sd 2010, 47:56-63. 

20. Kanai M, Nakamura T, Funakoshi H: Identification and characterization of 
novel variants of the tryptophan 2,3-dioxygenase gene: differential 
regulation in the mouse nervous system during development. 
Neurosci Res 2009, 64:111-117. 

21. Dang Y, Dale WE, Brown OR: Comparative effects of oxygen on 
indoleamine 2,3-dioxygenase and tryptophan 2,3-dioxygenase of the 
kynurenine pathway. Free Radio Biol Med 2000, 28:615-624. 

22. Fukui S, Schwarcz R, Rapoport SI, Takada Y, Smith QR: Blood-brain barrier 
transport of kynurenines: implications for brain synthesis and 
metabolism. J Neurochem 1 991 , 56:2007-201 7. 



23. Guillemin GJ, Kerr SJ, Smythe GA, Smith DG, Kapoor V, Armati PJ, Croitoru J, 
Brew BJ: Kynurenine pathway metabolism in human astrocytes: a 
paradox for neuronal protection. J Neurochem 2001, 78:842-853. 

24 Hwu P, Du MX, Lapointe R, Do M, Taylor MW, Young HA: Indoleamine 2, 
3-dioxygenase production by human dendritic cells results in the 
inhibition of T cell proliferation. J /mmuno/ 2000, 164:3596-3599, 

25. Shirey KA, Jung J-Y Maeder GS Carlin DJM: Upregulation of IFN-y receptor 
expression by proinflammatory cytokines influences IDG activation in 
epithelial cells. J Interf Cytol<ine Res 2006, 26:53-62. 

26. Platten M, Ho PP, Youssef S, Fontoura P, Garren H, Hur EM, Gupta R, Lee LY, 
Kidd BA, Robinson WH, Sobel RA, Selley ML, Steinman L Treatment of 
autoimmune neuroinflammation with a synthetic tryptophan metabolite. 
Sc/ence 2005, 310:850-855. 

27. Fallarino F, Grohmann U, Vacca C, Bianchi R: T cell apoptosis by 
tryptophan catabolism. Cell Death Differ 2002, 9:1069-1077. 

28. Owe-Young R, Webster NL, Mukhtar M, Pomerantz RJ, Smythe G, Walker D, 
Armati PJ, Crowe SM, Brew BJ: Kynurenine pathway metabolism in human 
blood-brain-barrier cells: implications for immune tolerance and 
neurotoxicity. J A/euroc/iem 2008, 105:1346-1357. 

29. Zhu C-B, Blakely RD, Hewlett WA: The proinflammatory cytokines 
interleukin-lbeta and tumor necrosis factor-alpha activate serotonin 
transporters. Neuropsychopharmacology 2006, 31:2121-2131. 

30. Morikawa 0, Sakai N, Obara H, Saito N: Effects of interferon-alpha, 
interferon-gamma and cAMP on the transcriptional regulation of the 
serotonin transporter. Eur J Pharmacol 1998, 349:317-324. 

31 . Delgado P: Serotonin function and the mechanism of antidepressant 
action by. Arch Gen Psychiatry 1990, 47:41 1-418. 

32. Culley WJ, Saunders RN, Mertz ET, Jolly DH: Effect of a tryptophan 
deficient diet on brain serotonin and plasma tryptophan level. Proc Soc 
Exp Biol Med 1963, 1 13:645-648. 

33. Gal FM, Drewes PA: Studies on the metabolism of 5-hydroxytryptamine 
(serotonin). II. Effect of tryptophan deficiency in rats. Proc Soc Exp Biol 
Med 1962, 110:368-371. 

34 Carpenter LU Anderson GM, Pelton GH, Gudin JA, Kirwin PD, Price LH, 

Heninger GR, McDougle CJ: Tryptophan depletion during continuous CSF 
sampling in healthy human subjects. Neuropsychopharmacology 1 998, 
19:26-35. 

35. Nishizawa S, Benkelfat C, Young SN, Leyton M, Mzengeza S, de Montigny C, 
Blier P, Diksic M: Differences between males and females in rates of 
serotonin synthesis in human brain. Proc Natl Acad Sci 1997, 
94:5308-5313. 

36. Okuda S, Nishiyama N, Saito H, Katsuki H: 3-hydroxykynurenine, an 
endogenous oxidative stress generator, causes neuronal cell death with 
apoptotic features and region selectivity. J Neurochem 2002, 70:299-307. 

37. Braidy N, Grant R, Adams S, Guillemin GJ: Neuroprotective effects of 
naturally occurring polyphenols on quinolinic acid-induced excitotoxicity 
in human neurons. FEBS J 2010 277:368-382. 

38. Stokes PE: The potential role of excessive Cortisol induced by HPA 
hyperfunction in the pathogenesis of depression. Eur 
Neuropsychopharmacol 1995, 5:77-82. 

39. Pariante CM: Depression, stress and the adrenal axis. J Neuroendocrinoi 
2003, 15:811-812. 

40. Bremner JD, Narayan M, Anderson FR, Staib LH, Miller HL, Charney DS: 
Hippocampal volume reduction in major depression. Am J Psychiatry 
2000 157:115-118. 

41. Videbech P, Ravnkilde B: Hippocampal volume and depression: a 
meta-analysis of MRI studies. Am J Psychiatry 2004 161:1957-1966. 

42. Sheline Yl: Untreated depression and Hippocampal volume loss. Am J 
Psychiatry 2003, 160:1516-1518. 

43. Steiner J, Walter M, Gos T, Guillemin GJ, Bernstein H-G, Sarnyai Z, Mawrin C, 
Brisch R, Bielau H, Meyer zu Schwabedissen L, Bogerts B, Myint AM: Severe 
depression is associated with increased microglial quinolinic acid in 
subregions of the anterior cingulate gyrus: evidence for an 
immune-modulated glutamatergic neurotransmission? J Neuroinflammation 
2011, 8:94 

44. Carroll BJ, Curtis GC, Davies BM, Mendels J, Sugerman AA: Urinary free 
Cortisol excretion in depression. Psychol Med 1976, 6:43-50. 

45. Capuron U Ravaud A, Neveu PJ, Miller AH, Maes M, Dantzer R: Association 
between decreased serum tryptophan concentrations and depressive 
symptoms in cancer patients undergoing cytokine therapy. Mol Psychiatry 
2002, 7:468-473. 



Allison and D\tor Journal of Neuroinflammation 2014, 11:151 
http://www.jneuroinflammation.eom/content/1 1/1/151 



Page 11 of 12 



46. Lotrich FE: IVIajor depression during interferon-alpha treatment: 
vulnerability and prevention. Dialogues Clin NeuroscI 2009, 1 1 :41 7-425. 

47. Kessing LV: Cognitive impairment in the euthymic phase of affective 
disorder. Psychol Med ] 998, 28:1027-1038. 

48. Shah PJ, Ebmeier KP, Glabus MF, Goodwin GM: Cortical grey matter 
reductions associated with treatment-resistant chronic unipolar 
depression. Controlled magnetic resonance imaging study. Br J Psychiatry 
1998 172:527-532. 

49. Bender DA, McCreanor GM: Kynurenine hydroxylase: a potential 
rate-limiting enzyme in tryptophan metabolism. Biochem Soc Trans 1985, 
13:441-443. 

50. Aikondon M, Pereira FFR, Yu P, Arruda FZ, Almeida LEF, Guidetti P, 
Fawcett WP, Sapko MT, Randall WR, Schwarcz R, Tagle DA, Albuquerque EX: 
Targeted deletion of the kynurenine aminotransferase ii gene reveals a 
critical role of endogenous kynurenic acid in the regulation of synaptic 
transmission via alpha? nicotinic receptors in the hippocampus. 

J NeuroscI 2004, 24:4635-4648. 

51. Potter MC, Elmer Gl, Bergeron R, Albuquerque FX, Guidetti P, Wu H-Q, 
Schwarcz R: Reduction of endogenous kynurenic acid formation 
enhances extracellular glutamate, hippocampal plasticity, and cognitive 
behavior. Neuropsychopharmacology 201 0, 35:1 734-1 742. 

52. Rassoulpour A, Wu H-Q, Ferre S, Schwarcz R: Nanomolar concentrations of 
kynurenic acid reduce extracellular dopamine levels in the striatum. 

J Neurochem 2005, 93:762-765. 

53. Zmarowski A, Wu H-Q, Brooks JM, Potter MC, Pellicciari R, Schwarcz R, 
Bruno JP: Astrocyte-derived kynurenic acid modulates basal and evoked 
cortical acetylcholine release. Eur J NeuroscI 2009, 29:529-538. 

54 Wu H-Q, Pereira FFR, Bruno JP, Pellicciari R, Albuquerque EX, Schwarcz R: 
The astrocyte-derived alpha? nicotinic receptor antagonist kynurenic 
acid controls extracellular glutamate levels in the prefrontal cortex. 
J Mol NeuroscI 2010, 40:204-210. 

55. Chess AC, Simoni MK, Ailing TE, Bucci DJ: Elevations of endogenous 
kynurenic acid produce spatial working memory deficits. Schlzophr Bull 
2007, 33:797-804. 

56. Chess AC, Bucci DJ: Increased concentration of cerebral kynurenic acid 
alters stimulus processing and conditioned responding. Behav Brain Res 
2006, 170:326-332. 

57. Newcomer JW, Farber NB, Jevtovic-Todorovic V, Seike G, Melson AK, Hershey 
T, Craft S, OIney JW: Ketamine-induced NIVIDA receptor hypofunction as a 
model of memory impairment and psychosis. Neuropsychopharmacology 
1999, 20:106-118. 

58. Gulaj E, Pawlak K, Bien B, Pawlak D: Kynurenine and its metabolites in 
Alzheimer's disease patients. Adv Med Scl 2010, 55:204-21 1. 

59. Tobinick F, Gross H, Weinberger A, Cohen H: TNF-alpha modulation for 
treatment of Alzheimer's disease: a 6-month pilot study. MedGenMed 
2006, 8:25. 

60. Tobinick EL, Gross H: Rapid cognitive improvement in Alzheimer's disease 
following perispinal etanercept administration. J Neuroinflammation 2008, 
5:2. 

61. Rush AJ, Trivedi MH, Wisniewski SR, Nierenberg AA, Stewart JW, Warden D, 
Niederehe G, Thase ME, Lavori PW, Lebowitz BD, McGrath PJ, Rosenbaum 
JF, Sackeim HA, Kupfer DJ, Luther J, Fava M: Acute and longer-term 
outcomes in depressed outpatients requiring one or several treatment 
steps: a STAR*D report. Am J Psychiatry 2006 163:1905-1917. 

62. Lanquillon S, Krieg JC, Bening-Abu-Shach U, Vedder H: Cytokine 
production and treatment response in major depressive disorder. 
Neuropsychopharmacology 2000, 22:370-379. 

63. Fitzgerald P, O'Brien SM, Scully P, Rijkers K, Scott LV, Dinan TG: Cutaneous 
glucocorticoid receptor sensitivity and pro-inflammatory cytokine levels 
in antidepressant-resistant depression. Psychol Med 2006, 36:37-43. 

64. Nierenberg AA, Alpert JF: Depressive breakthrough. Psychlatr Clin North Am 
2000,23:731-742. 

65. Coyle JT, Tsai G: The NIVIDA receptor glycine modulatory site: a 
therapeutic target for improving cognition and reducing negative 
symptoms in schizophrenia. Psychopharmacology (Berl) 2004, 
174:32-38. 

66 Freedman R, Olincy A, Buchanan RW, Harris JG, Gold JM, Johnson L, 

Allensworth D, Guzman-Bonilla A, Clement B, Ball MP, Kutnick J, Pender V, 
Martin IE, Stevens KE, Wagner BD, Zerbe 6Q, Soti F, Kern WR: Initial phase 
2 trial of a nicotinic agonist in schizophrenia. Am J Psychiatry 2008, 
165:1040-1047. 



67. Buchanan RW, Conley RR, Dickinson D, Ball MP, Feldman S, Gold JM, 
McMahon RP: Galantamine for the treatment of cognitive impairments in 
people with schizophrenia. Am J Psychiatry 2008, 165:82-89. 

68. Buchanan RW, Javitt DC, Marder SR, Schooler NR, Gold JM, McMahon RP, 
Heresco-Levy U, Carpenter WT: The Cognitive and Negative Symptoms in 
Schizophrenia Trial (CONSIST): the efficacy of glutamatergic agents for 
negative symptoms and cognitive impairments. Am J Psychiatry 2007, 
164:1593-1602. 

69. Moriguchi S, Marszalec W, Zhao X, Yeh JZ, Narahashi T: Mechanism of 
action of galantamine on N-methyl-D-aspartate receptors in rat cortical 
neurons. J Pharmacol Exp Ther 2004 310:933-942. 

70. Mathur N, Pedersen BK: Exercise as a Mean to Control Low-Grade Systemic 
Inflammation. 2008. 2008. 

71 . Petersen AMW, Pedersen BK: The anti-inflammatory effect of exercise. 
J AppI Physiol 2005, 98:1 1 54-1 1 62. 

72. Ford ES: Does exercise reduce inflammation? Physical activity and 
C-reactive protein among U.S. adults. Epidemiology 2002, 13:561-568. 

73. Albert MA, Glynn RJ, Ridker PM: Effect of physical activity on serum 
C-reactive protein. Am J Cardiol 2004 93:221-225. 

74. Abramson JL, Vaccarino V Relationship between physical activity and 
inflammation among apparently healthy middle-aged and older US 
adults. Arch intern Med 2002, 162:1286-1292. 

75. Tomaszewski M, Charchar FJ, Przybycin M, Crawford L, Wallace AM, Gosek K, 
Lowe GD, Zukowska-Szczechowska E, Grzeszczak W, Sattar N, Dominiczak 
AF: Strikingly low circulating CRP concentrations in ultramarathon 
runners independent of markers of adiposity: how low can you go? 
Arterioscler Thromb Vase Biol 2003, 23:1640-1644. 

76. Fiers W: Tumor necrosis factor. Characterization at the molecular, cellular 
and in vivo level. FEBS Lett 1991, 285:199-212. 

77. Mizuhara H, O'Neill E Seki N, Ogawa T, Kusunoki C, Otsuka K Satoh S, Niwa 
M, Senoh H, Fujiwara H: T cell activation-associated hepatic injury: medi- 
ation by tumor necrosis factors and protection by interleukin 6. J Exp 
Med 1994, 179:1529-1537. 

78. Starkie R, Ostrowski SR, Jauffred S, Febbraio M, Pedersen BK: Exercise and 
IL-6 infusion inhibit endotoxin-induced TNF-alpha production in humans. 
FASEB J 200i, 17:884-886 

79. Keller C, Keller P, Giralt M, Hidalgo J, Pedersen BK: Exercise normalises 
overexpression of TNF-alpha in knockout mice. Biochem Biophys Res 
Commun 2004, 321:179-182. 

80. Van der Poll T, Coyle SM, Barbosa K, Braxton CC, Lowry SF: Epinephrine 
inhibits tumor necrosis factor-alpha and potentiates interleukin 10 
production during human endotoxemia. J Clin Invest 1996, 97:713-719. 

81 . Kasapis C, Thompson PD: The effects of physical activity on serum 
C-reactive protein and inflammatory markers: a systematic review. 
J Am Coll Cardiol 2005, 45:1563-1569. 

82. Weight LM, Alexander D, Jacobs P: Strenuous exercise: analogous to the 
acute-phase response? Clin Sci (Land) 1991, 81:677-683. 

83. Fallon KF: The acute phase response and exercise: the ultramarathon as 
prototype exercise. Clin J Sport Med 2001 , 1 1 :38-43. 

84. Morimoto Y, Zhang Q, Adachi K: Increased blood quinolinic acid after 
exercise in mice: implications for sensation of fatigue after exercise. 
J Heal Sd 201 1,57:367-371. 

85. Ito Y, Saito K Maruta K, Nakagami Y, Koike T, Oguri Y, Nagamura Y: 
Kynurenine concentration of serum was increased by exercise. Adv Exp 
Med Biol 1999,467:717-722. 

86. Di Luigi L, Botre F, Sabatini S, Sansone M, Mazzarino M, Guidetti L, Baldari C, 
Lenzi A, Caporossi D, Romanelli F, Sgro P: Acute effects of physical 
exercise and phosphodiesterase's type 5 inhibition on serum 11 
P-hydroxysteroid dehydrogenases related glucocorticoids metabolites: a 
pilot study. Endocrine 2014. in press. 

87. Salter M, Pogson CI: The role of tryptophan 2,3-dioxygenase in the 
hormonal control of tryptophan metabolism in isolated rat liver cells. 
Effects of glucocorticoids and experimental diabetes. Biochem J 1985, 
229:499-504. 

88. Da Silva AF, de Aquino LV Ruiz da Silva F, Lira FS, dos Santos RVT, 

Rosa JPP, Caperuto F, Tufik S, de Mello MT: Low-grade inflammation and 
spinal cord injury: exercise as therapy? Mediators Inflamm 2013, 
2013:971841. 

89. Dunn AL, Trivedi MH, Kampert JB, Clark CG, Chambliss HO: Exercise 
treatment for depression: efficacy and dose response. Am J Prev Med 
2005, 28:1-8. 



Allison and D\tor Journal of Neuroinflammation 2014, 11:151 
http://www.jneuroinflammation.eom/content/1 1/1/151 



Page 12 of 12 



90. Blumenthal JA, Babyak MA, Doraiswamy PM, Watkins L, Hoffman BM, 
Barbour KA, Herman S, Craighead WE, Brosse AL, Waugh R, Hinderliter A, 
Sherwood A: Exercise and pharmacotherapy in the treatment of major 
depressive disorder. Psychosom Med, 69:587-596. 

91. Rimer J, Dwan K, Lawlor DA, Greig CA, McMurdo M, Morley W, Mead GE 
Exercise for depression. Cochrane database Syst Rev 2012, 7:CD004366. 

92. Gligoroska JP, Manchevska S: The effect of physical activity on 
cognition - physiological mechanisms. Mater Sociomed 201 2, 24:1 98-202. 



doi:l 0.1 1 86/sl 2974-01 4-01 51-1 

Cite this article as: Allison and Ditor: The common inflammatory etiology 
of depression and cognitive impairment: a therapeutic target. Journal of 

Neuroinflammation 201411:151. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at \ rant,,\ 

www.biomedcentral.com/submit Biomea eencrai 



